Fifty percent of all cancer cases result from mutations of the TP53 gene, which encodes the tumor suppressor p53, and it is hypothesized that the p53-mediated checkpoint pathway is compromised in most of the remaining cases. The p53 C-terminal domain (CTD) is an important site of p53 regulation but by nature is difficult to study, as it is intrinsically disordered. In this study, we performed molecular dynamics simulations on the p53 CTD and five known regulatory binding partners. We identified distinct trends in fluctuation within and around the p53 CTD binding site on each partner demonstrating a behavior that facilitates association. Further, we present evidence that the size of the hydrophobic pocket in each p53 CTD binding site governs the secondary structure of the p53 CTD when in the bound state. This information will be useful for predicting new binding partners for the p53 CTD, identifying interacting regions within other known partners, and discovering inhibitors that provide additional points of control over p53 activity.
Introduction
The p53 protein has been extensively studied since it was discovered and identified as an important tumor suppressor protein. 1 The p53 protein has the ability to promote cell cycle arrest, apoptosis, and antiangiogenesis among other functions, which it commonly does in aberrantly growing cells as a means to cease tumorigenisis. 2, 3 Nonfunctioning p53, or a malfunction in the p53-mediated signaling pathway, results in tumor cell formation and abnormal proliferation. Most often, the defect is a single mutation within the TP53 gene, but it can also result from altered expression or mutation of p53 regulatory proteins. 2 The general consensus remains that restoration of p53 function in a malignant cell is of tremendous therapeutic benefit. 4 The p53 C-terminal domain (CTD) represents a widely accepted site for its regulation. 5, 6 It is promiscuous in both function and activity, performing many roles in the cell. The p53 CTD binds DNA nonspecifically to promote linear diffusion along the DNA, 7, 8 but it can also bind DNA in a more sequencespecific manner depending on its lysine acetylation state. 9, 10 As a way to regulate this DNA-binding function, the p53 CTD also binds nonspecifically to RNA. 11 The p53 CTD also binds other proteins, some of which are transcription cofactors to be recruited to specific genes, [12] [13] [14] some sequester or block p53 activity by directly binding to the C-terminus, 15, 16 and many others regulate p53 activity through post-translational modification (PTM). [17] [18] [19] [20] The p53 CTD contains sites of methylation, acetylation, phosphorylation, and ubiquitination among others. The topic of PTM has been studied extensively and is well reviewed 4, 21, 22 and will not be further discussed here.
A key feature that makes the p53 CTD promiscuous is the fact that the entire domain (residues 363-393) is disordered. 23 Disordered proteins have several different functions, a major one being recognition and binding of various biomolecules. 24, 25 The nature of being disordered gives disordered regions the distinct advantage of being able to bind nonspecifically to a multitude of different partners, in a sense becoming a "hub" of protein interaction. 26 This phenomenon assumes importance when the hub in question is at the center of a cancer-prevention pathway. 27 The association of the p53 CTD to its various partners varies in specificity, type, and mode of binding. For example, when bound to S100 calcium-binding protein B (S100B( )), the CTD forms an R-helix that spans residues 377-387 (PDB 1DT7), 28 but when it binds to a Sirtuin protein (Sir2), it forms a -strand from residues 380 to 385 (PDB 1MA3). 29 In addition to these distinct secondary structure elements, the CTD forms a -turn when bound to cAMP response element-binding (CREB) binding protein (CBP) (PDB 1JSP), 14 and it lacks any ordered secondary structure when bound to the histone methyltransferase Set9 (PDB 1XQH) 19 or the cyclin A/cyclin-dependent protein kinase 2 complex (PDB 1H26). 30 Thus, these five binding partners were chosen for this study for their diverse range of size, function, and nature of interaction with the p53 CTD, as well as for their structure availability.
Our knowledge of the binding process between the p53 CTD and its binding partners is limited. At present, there are two models under consideration: (i) the p53 CTD transiently forms the appropriate secondary structure in solution before binding to its partner, 31 or (ii) the p53 CTD adopts the appropriate secondary structure upon coming in close proximity to its binding partner, a process known as induced folding. 32, 33 A recent study suggests that the p53 CTD is able to form R-helices transiently in solution, but in the case of binding to S100B( ), it only forms the secondary structure when induced by the binding partner. 34 This conformational diversity gives the p53 CTD the advantage of being a viable binding site for its partners at all times, instead of merely when it happens upon the correct configuration. To our knowledge, there is no other evidence, theoretical or physical, that describes the binding event between the p53 CTD and any of its partners other than S100B( ). This limitation makes it very difficult to predict novel protein partners for the p53 CTD as well as to identify their binding sites and the conformation that the p53 CTD adopts in the complex. Molecular simulation is a useful technique to study disordered proteins and their interactions. The disordered N-terminus transactivation domain, [35] [36] [37] [38] the structured DNA-binding domain, [39] [40] [41] [42] [43] and the tetramerization domain, 44 which is immediately Nterminal to the p53 CTD, have all been studied using molecular dynamics (MD) techniques. The p53 CTD has also been studied by molecular simulation to a limited extent. Namely, there are MD and docking studies on the interaction between p53 CTD and various small molecules in complex with S100B, 34, 45, 46 as well as MD and docking studies on the p53 CTD binding region on CREB binding protein. 47 Apart from these examples, no one has yet performed a rigorous MD study of the interaction between the p53 CTD and a broad spectrum of binding partners.
This report seeks to answer a few fundamental questions about the nature of the interaction between the p53 CTD and its binding partners. First, what features of the recognition sites within the binding partners promote association to the p53 CTD? Second, what is the nature of the interaction among those two molecules? Third, what effect does the binding event have on the structural dynamics of the p53 CTD and of its interacting protein? Better understanding of these relationships will help the prediction of putative binding sites on other partners or even in the identification of novel interacting proteins.
Computational Methods

PDB File Preparation.
Five files were downloaded from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (www.pdb.org). 48 Each contains two important elements: some fragment of the p53 CTD and some binding partner. In each structure file, an N-terminal acetyl cap and C-terminal amide cap were added to the p53 CTD fragment using the LEaP program in AMBER. 49 All crystallographic waters were removed. The following subsections provide specific information on further file preparation.
1DT7. This structure file contains 40 nuclear magnetic resonance (NMR) spectroscopy models of the interaction between the rat protein S100B( ) homodimer and a human p53 CTD 22-mer fragment (residues 367-388). 28 Of the 40 models, the first one was chosen for the simulations (structure validation is discussed in the Analysis section). In the chosen model, the C-terminal carboxyl group was missing from each chain of the S100B( ) homodimer, so it was rebuilt using LEaP. The other two chains in the NMR model (Chain X and Chain Y) are p53 CTD fragments, and each is bound to one of the S100B subunits. Chain X was also missing the C-terminal carboxyl group, so it was rebuilt in LEaP before the cap was added as described in the previous section. Chain Y was removed for simplicity, and the other three modified chains (S100B( ) homodimer and one p53 CTD chain) were considered for the final model. Because p53 CTD binding to S100B( ) is calcium dependent, all four calcium ions were also preserved.
1MA3. This crystal structure solved at 2.00 Å contains Sir2 in complex with a p53 CTD 9-mer fragment (residues 379-387). 29 Several residues of the Sir2 protein are missing, including a loop from residues 30 to 39 and residue 253; in addition, there are atoms missing from residues Glu 29, Arg 112, and Glu 252. In order to rebuild the loop and repair the other inaccuracies, we employed Modeller 9v4 50-53 using the complete protein sequence and the 1MA3 crystal structure as the template. We built 10 different conformations for the loop from residues 30 to 39 and scored the models within the SWISS-MODEL Workspace. 54 We chose the best scoring model and relied on the forthcoming MD simulations to further refine the loop.
In the crystallization experiment, an 18-mer fragment of the p53 CTD (residues 372-389) was used but only a 9-mer fragment (residues 379-387) was solved. The low electron density in the unsolved residues implies a large amount of flexibility and fluctuation. Avalos et al. 29 found that the essential interactions are the burying of AcLys 382 in a hydrophobic pocket and the formation of a -sheet, both of which are conserved in our model. The Arg 379, however, was missing several atoms that were rebuilt in LEaP before adding on the caps as previously described. Further, residue Lys 382 of the p53 CTD is acetylated in the original structure. Finally, two other components had to be considered. First, a zinc ion coordinated by Sir2 was retained. Second, one molecule of 2-(Nmorpholino)-ethanesulfonic acid that crystallized with the proteins as an artifact of the crystallization process was deleted.
1H26. This crystal structure solved at 2.24 Å resolution contains several important elements. 30 The foundation is formed by a complex of two proteins, cyclin A and phosphorylated cyclin-dependent protein kinase 2 (pCDK2), of which there are two copies in the crystallographic asymmetric unit. A p53 CTD 9-mer fragment (residues 378-386) is bound to one of the cyclin A chains. The cyclin A/pCDK2 pair that was not bound to the p53 CTD was deleted. The two most C-terminal residues of pCDK2 were missing most of their atoms, and because the location is well removed from the binding site with the p53 CTD, the remaining atoms were deleted and the chain was terminated after Leu 296 with a carboxyl group in LEaP.
1JSP. This structure file contains 20 NMR models of a p53 CTD 20-mer fragment (residues 367-386) in complex with the CREB binding protein (CBP) bromodomain. 14 The Lys 382 of the p53 CTD fragment is monoacetylated, a factor that is necessary for binding. The first of the 20 NMR structures was chosen for this study (structure validation is discussed in the Analysis section). No missing residues or atoms needed to be repaired or added other than the caps discussed previously.
1XQH. This crystal structure contains the methyltransferase Set9 in complex with a p53 CTD fragment solved at 1.75 Å resolution. 19 In the crystallization experiment, a 10-mer fragment (residues 369-378) of the p53 CTD was used but only a 6-mer fragment (residues 369-374) was resolved. The crystallographic asymmetric unit contained two copies of the protein complex, and one of the pairs was deleted for simplicity. The N-terminal 14 residues of Set9 were also not distinguished by crystallography but are located far enough from the p53 CTD binding site that they were not rebuilt. Finally, Lys 372 of the p53 CTD was monomethylated in the original crystal structure.
Molecular Dynamics Simulations. In total, 15 systems were prepared for simulation. For each of the five PDB files, we simulated (i) the complex of the p53 CTD fragment and binding partner prepared as described in the previous sections, (ii) the p53 CTD fragment alone, and (iii) the binding partner alone. The initial coordinates of simulation groups (ii) and (iii) were taken directly from group (i). All MD simulations were performed with GROMACS 4.0.4 55 in conjunction with the united atom GROMOS 53a6 force field. 56 Methylated and acetylated lysine parameters were reasonably adapted by combining existing parameters in the 53a6 force field and are included in the Supporting Information (Tables S1-S3 and Figure S1 ). The systems were solvated using the explicit simple point charge (SPC) water model, 57 and enough sodium and chloride ions were added to neutralize the charge of each system and bring the final concentration to a physiological level of 100 mM. Each system was then energy minimized using a steepest descents integrator 58 either until the maximum force was less than 1000 kJ mol -1 nm -1 on any atom or until additional steps resulted in a potential energy change of less than 1 kJ mol -1 .
A 50 ps NVT equilibration was performed at 200 K with position restraints applied to all of the backbone atoms in order to relieve any bad contacts at the side chain-solvent interface. The Berendsen thermostat 59 was used with a temperature coupling time constant (τ T ) of 0.1 ps. All bond lengths were constrained using the linear constraint solver (LINCS) algorithm, 60 which allowed for a 2 fs time step. Long-range electrostatic interactions were approximated using the particlemesh Ewald (PME) method 61, 62 with a fourth-order spline interpolation and a 0.12 nm Fourier grid spacing.
After the initial equilibration, the position restraints were lifted and the Berendsen thermostat was raised to 310 K for a 100 ps NVT simulation. Once each system was sufficiently equilibrated around the target temperature, the Nosé-Hoover thermostat 63, 64 was applied because it generates a more correct canonical distribution for temperature and simulated for another 100 ps (NVT) at the same temperature. Finally, a 100 ps NPT simulation was conducted, relaxing the system into an isotropic Parrinello-Rahman barostat 65, 66 set to 1.0 bar of pressure in all directions and a pressure coupling time constant (τ P ) of 1.0 ps. The production MD that followed was performed with the Nosé-Hoover thermostat and Parrinello-Rahman barostat, as well as the LINCS and PME treatments as described.
Replicate systems were generated using the same starting configuration but with different initial velocities applied prior to the first NVT equilibration at 200 K. Each of the 15 simulations was simulated in triplicate for 100 ns, for a total simulation time of 4.5 µs across all simulations. Simulations were performed on Virginia Tech's System X Supercomputer, a 12.25 Teraflop computer comprising 1100 Apple PowerMac G5 computers with dual 2.3 GHz PowerPC 970FX processors.
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Analysis. All analyses were performed using the GROMACS suite of tools and a secondary structure recognition algorithm (DSSP). 68 The hydrophobic solvent-accessible surface area (SASA) of each p53 CTD binding site was determined by measuring the SASA of all hydrophobic residues that lie within the p53 CTD binding site and/or interact closely with the p53 CTD. All of the pertinent residues that were considered are listed in the Results and Discussion section. It is important to mention that a bug in the code for the GROMACS analysis tool "g_rmsf" was fixed as outlined on the GROMACS Web site prior to performing our analyses. The program Grace 69 was used to plot the 2-D data, and the 3-D images were created with either PyMOL 70 or Chimera. 71 In order to verify that our simulation subspace overlaps completely with the NMR structural subspace, thus validating our choice in starting structure for 1DT7 and 1JSP, we employed methods outlined in the literature 72, 73 (Figures S2 and S3 and  Tables S4 and S5 , Supporting Information). We found good overlap in the structural ensembles of the receptor proteins but less overlap in the p53 CTD conformations. In each NMR structure, the solvent-exposed portion of the CTD is disordered and observed to be in many different random solvent-oriented conformations. It is unlikely that traditional MD on this time scale could reproduce the solvent-exposed configurations in the NMR structure, but we are satisfied that the ensemble of structures at the p53 CTD-binding partner interface for each structure was satisfactorily sampled across the three replicates.
Results and Discussion
In the following subsections, MD simulations will be discussed as follows. First, we will compare the dynamics of the p53 CTD fragment when bound to a binding partner or unbound in solution. Second, we will compare the dynamics of each binding partner when bound to the p53 CTD fragment and unbound in solution. Finally, we discuss specific interactions of interest for each p53 CTD-binding partner pair. Discussions are organized by the PDB identifier from which the structures originated.
1DT7. We first assessed the stability during MD of the p53 CTD fragment (residues 367-388) when bound to the S100B( ) receptor by analyzing the DSSP profile ( Figure 1 ). When bound to the receptor, the p53 CTD underwent little change from the starting structure in all three replicates (Figure 1a-c) . In the first and third replicates, the R-helix comprising residues 380-387 was well conserved. In the second replicate, the same helix unwound at the ends slightly and was calculated by the DSSP algorithm to be a turn, one residue short of being considered a true R-helix. When the p53 CTD was simulated unbound to the receptor from the same starting configuration, a major change in secondary structure content occurred that spanned all three replicates (Figure 1d-f ). The peptide adopted many different secondary structure elements, most notably -sheets, none of which retained any semblance to the original starting structure of the same peptide in complex with S100B( ).
The root-mean-square deviation (rmsd) of the p53 CTD also varied between bound and unbound states. Specifically, when the p53 CTD was bound to S100B( ), the average backbone rmsd of the three replicates was markedly lower than when the p53 CTD was unbound (Figure 2a ). This evidence is in agreement with the DSSP evidence in that the p53 CTD fragment fluctuated less when bound to its receptor.
In the analysis of S100B( ), we find similar results. The average backbone rmsd of the three replicate simulations of S100B( ) bound to the p53 CTD was slightly lower than for the unbound form over the last 50 ns of simulation ( Figure 2b ). These data indicate that when in complex with the p53 CTD fragment, the S100B( ) receptor fluctuates less compared to when it is free in solution. It is also noteworthy that the rmsd of the bound form stabilized in less than 10 ns, whereas the rmsd of the unbound form stabilized in roughly 70 ns. A rootmean-square fluctuation (RMSF) analysis revealed specific parts of the protein that fluctuated more (or less) in the bound or unbound states (Figure 2c ). The hinge region (residues 40-49), helix 3 (residues 50-60), and helix 4 (residues 70-88) of the S100B -subunit comprise the p53 CTD binding site ( Figure  3 ), and they all exhibited a higher degree of fluctuation when the p53 CTD was not bound. In contrast, residues important in calcium binding (residues 20-25) fluctuated more when the p53 CTD was bound.
The S100B -subunit experienced a marked change in configurational principal components (PCs) upon p53 CTD binding. Briefly, PCs are eigenvectors that describe large collective (nontranslational and nonrotational) motions of atoms in a given protein that are observed over long time scales. PC vectors are determined in conjunction with a covariance matrix that illustrates correlated and anticorrelated motions of atoms. Figure 4a shows a covariance matrix for the two states of the S100B -subunit, bound to the p53 CTD (bottom right) and in the absence of the p53 CTD (top left). When unbound, the S100B( ) subunit experienced large areas of both correlated and anticorrelated motion, specifically between helix 3 and helix 4, the helices that shape the p53 CTD binding site. In Figure  4b , the first principal component is illustrated as the beginning (top) and end (bottom) of its eigenvector. In the absence of the p53 CTD, a drastic transition in the shape of helix 3 and helix 4 and a change in relative position between the two helices is apparent from the two states, a transition which comprised 41.7% of the total motion in the protein. When the p53 CTD was bound, however, both correlated and anticorrelated motion dissipated between helix 3 and helix 4 ( Figure 4a ). The eigenvector that described the largest PC was a relatively small shift in the position of helix 3 ( Figure 4b ). Further, this PC represented only 25.5% of the total motion in the protein.
These data taken together, we observed a stabilization effect on the p53 CTD fragment upon binding to the receptor S100B( ), a characteristic that is in accordance with previous experimental observations. 28 Because these simulation conditions are consistent with experimental observations, we feel confident in making new observations about the dynamics of the receptor in both the bound and unbound state, as well as the interaction between the receptor and the p53 CTD fragment. The major contributing factors that stabilize the interaction between the p53 CTD and S100B( ) are summarized in Figure  5 . Two important residues for this peptide-protein interaction are Arg 379 and Lys 382 of the p53 CTD, which exhibited large negative potential energies of interaction with the receptor. The residue Arg 379 formed persistent hydrogen bonds with His 42 and Glu 45 of S100B( ), whereas Lys 382 formed hydrogen bonds with Glu 86 and the backbone carbonyl oxygen of Phe 88. Residues His 368, Ser 378, and Lys 381 also formed many favorable electrostatic contacts with other S100B( ) residues, especially among those in helix 3 and helix 4, which exhibited a larger fluctuation in the apo-form of the protein, including residues Glu 45, Glu 46, Lys 48, Glu 49, Glu 51, Lys 55, and Glu 89. The Lys 386 residue of the p53 CTD also formed electrostatic interactions with Gln 71 and Glu 86 of the opposite -subunit.
The van der Waals contacts formed by both Arg 379 and Lys 382 further contribute to the binding of the p53 CTD peptide to S100B( ). The hydrophobic binding pocket on S100B( ) is defined by residues Leu 44, Val 52, Val 56, Met 79, Val 80, and Phe 87. The average hydrophobic solvent-accessible surface area (SASA) of the binding site on S100B( ) was 3.18 ( 0.22 nm 2 over the last 50 ns of simulation ( Figure 6 ). Residue Leu 383 of the p53 CTD faced invariably into this hydrophobic core and contributed the greatest negative van der Waals potential of interaction to the peptide-protein interaction ( Figure 5 and Table S6 , Supporting Information). Residues Met 384 and Phe 385 as well as the hydrophobic portion of several other p53 CTD side chains further contributed to the binding event.
One possible explanation for the specific conformation that the p53 CTD peptide adopts is that an R-helix enables alignment of the hydrophobic residues (Leu 383, Met 384, Phe 385) toward the hydrophobic binding site. This argument would be more convincing if there were additional hydrophobic residues further N-or C-terminus on the peptide that would also be aligned to the binding site only in an R-helical conformation. As it stands, a turn or even random coil could allow for three adjacent residues to be aligned such that they face the same binding site. Another explanation could have to do with the relative shortage of hydrogen bond donors or acceptors within the large hydrophobic core. Most side chain hydrogen bonds are satisfied by the surrounding ring of acidic and polar amino acids as well as by the solvent, but the large hydrophobic patch does not provide sufficient hydrogen bond donors or acceptors for the p53 CTD backbone (Figure 7) . Adopting a helical conformation solves this problem, as intrachain backbone hydrogen bonds are readily formed.
The p53 N-terminal transactivation domain (TAD) is a good model for comparison of the intricate peptide-receptor relationship. In a series of recent publications, Dastidar et al. [74] [75] [76] showed that the MDM2-bound form of the p53 TAD is a helix dominated by van der Waals interactions. The authors suggest that the R-helix is formed so that three hydrophobic residues (Phe 19, Trp 23, and Leu 25) all face into the hydrophobic binding pocket. Further, they found that the initial complex formation is dominated by electrostatic interactions, much like Chen 34 proposes with the "fly-casting" mechanism. 77 This fits with our RMSF measurements that describe large fluctuations in acidic and polar residues around the p53 CTD binding site in the apo-form and increased fluctuations among the hydrophobic residues in the bound form of S100B( ) (Figure 2c) .
One important observation relates to the role of Ser 376 and Thr 377 of the p53 CTD. Rustandi et al. 28 suggested that these two residues are buried against the face of S100B( ), effectively blocking phosphorylation at these sites. Although our simulations agreed that Thr 377 tended to stay buried, forming hydrogen bonds with residues Glu 45, Glu 46, and Glu 49, we found that a small conformational shift that happened fairly quickly in all three replicates caused Ser 376 to become solvent exposed. This is illustrated by the very small potential energy of interaction between Ser 376 and the receptor ( Figure 5 ) and by the infrequency of formation of mainchain hydrogen bonds to the receptor (Figure 7) . Steric hindrance could still be a factor in preventing phosphorylation of that residue given its low angle along the protein surface.
Another interesting feature of S100B( ) is the calciumbinding domain. In their investigation, Rustandi et al. 28 determined that calcium binding to each S100B -subunit induces a 1MA3. In this crystal structure, the p53 CTD fragment (residues 379-387) is solved in complex with the deacetylase Sir2. From the DSSP profile (Figure 8 ), we observed that the p53 CTD fragment exhibited very little secondary structure content when bound to Sir2. The only notable structure formed was a turn centered at residue Lys 381, which only appeared with any consistency in two of the three replicates ( Figure  8a-c) . In the absence of Sir2, however, the same p53 CTD fragment adopted many different ordered conformations ( Figure  8d-f ), most notably a very short strand-turn-strand structure that persisted for almost 80 ns in one replicate and appeared for about 10 ns in another replicate. Concurrently, the rmsd analysis revealed an increase in average backbone deviation of the p53 CTD in the absence of Sir2 (Figure 9a ). These data suggest that our MD simulations successfully reproduced the stabilization effect that Sir2 has on this p53 CTD fragment. 29 In the analysis of Sir2, we found that a trend in backbone deviation was not as apparent as for the p53 CTD (Figure 9b ). When the p53 CTD was not bound, the average backbone rmsd was only slightly higher than when the p53 CTD was bound. The RMSF analysis, however, clearly indicated two main regions that fluctuated more in the unbound form of the enzyme, residues 45-60 and residues 150-175 (Figure 9c ). These stretches of amino acids include several regions that form the p53 CTD-Sir2 interface, including Glu 48, Glu 167, and Gln 171, as well as a short extension into the zinc-binding module of Sir2. This region includes the FGE loop (residues 162-169), which, when perturbed, opens up a binding tunnel that acts as a receptacle for AcLys 382 of the p53 CTD. 29 In contrast to the more flexible regions that existed in the unbound form of Sir2, there were a few regions that were more flexible in the p53 CTD-bound form of Sir2, most notably residues 69-77, 89-92, 106-112, 190-193, 206-211, and 219-225. Almost all of these regions are loops or helices that comprise the Rossman fold domain (residues 1-27, 77-118, and 170-253).
The largest PC (23.2%) in Sir2 while bound to the p53 CTD could be described as a pinching and releasing of the Rossman fold domain (Figure 10b ). This motion corresponded nicely with an increased fluctuation in this region when bound to the p53 CTD. In contrast, the largest PC (29.4%) in the unbound form of Sir2 was a hinging motion at the p53 CTD binding site. This hinging motion is the same motion that was diminished by the formation of a -sheet upon the p53 CTD binding. Figure 10a shows that there was a general increase in both correlated and anticorrelated motion across the entire Sir2 backbone when the p53 CTD was absent.
Here, we observed another instance in which hydrophilic and acidic residues near the hydrophobic binding site tended to fluctuate more in the apo-form of the receptor, presumably as a method to aid in the formation of initial contacts with the target. 76 Also, we detected another case in which the dynamics of a cofactor-binding site changed upon p53 CTD binding. The fluctuation and configurational dynamics (as calculated by the PC analysis) both increased in the NAD-binding domain when the p53 CTD was bound to Sir2. It is well established that increased fluctuations in active sites or cofactor-binding sites can be a means of induced catalysis. 79, 80 These observations, therefore, are in accordance with the known biochemistry of the p53 CTD-Sir2 interaction in that the binding event leads to deacetylation of the peptide. 29 One interesting observation regarding the p53 CTD-Sir2 interaction is that the stretch of the p53 CTD from residue 380 to 385 formed a -strand when in complex with Sir2, while residues from that same stretch formed an R-helix when in complex with S100B( ) (although the DSSP algorithm did not identify the p53 CTD as a -strand, the molecular geometry and the pattern of hydrogen bond formation was indicative of a -strand). This -strand joined two other -strands of Sir2 (denoted 7 and 9, see Figure 11 ), forming a stable -sheet. Avalos et al. 29 termed the role that the p53 CTD plays in this process as a " -staple". One possible explanation for this observation is directly related to the proposed model of the formation of an R-helix in the p53 CTD upon binding S100B( ). In the case of Sir2, the hydrophobic SASA in the binding pocket is relatively small, measuring 1.43 ( 0.15 nm 2 averaged over the last 50 ns of simulation ( Figure 6 ). An abundance of hydrogen bond donors and acceptors readily interact with the backbone of the p53 CTD (Figure 12 ), eliminating the need to form intrachain hydrogen bonds, as is the case in an R-helix.
The important interactions that maintained this -sheet structure involved main chain and backbone hydrogen bonds between highly conserved residues on the surface of Sir2. 29 For example, the main chain atoms of His 380 and AcLys 382 (p53 CTD) formed contacts with amino acids in the FGE loop of Sir2, Gly 166, Glu 167, and Leu 169. Further, the backbone atoms of Leu 383 and Phe 385 of the p53 CTD formed contacts with Val 195 and Tyr 197 of the Rossmann fold domain. We found that these contacts persisted in all three replicate simulations. However, the residue that contributed the largest negative potential energy of interaction was the AcLys 382 of the p53 CTD ( Figure 13 ). The modified residue was buried deep within the hydrophobic pocket of the enzyme, a location that put it in proximity to the active site. Van der Waals interactions between AcLys 382 and several Sir2 residues (including His 118, Val 163, Phe 165, Leu 169, and Val 196) were the major contribution to the potential energy of interaction. In all three replicate simulations, the positioning of AcLys 382 remained unchanged.
1H26. Regarding the interaction between the p53 CTD and cyclin A, we began again by assessing the stability during MD of the p53 CTD fragment by measuring the DSSP profile ( Figure  S4 , Supporting Information). In the three replicates in which the p53 CTD fragment was bound to cyclin A ( Figure S4a -c, Supporting Information), nearly all of the secondary structure manifested as a bend or a turn centered around residue His 380. In some cases, the calculated secondary structure transitioned to coil during the simulation, and only very sparingly did any additional secondary structure other than coil appear within the p53 CTD fragment. In the three replicates in which the p53 CTD was not bound to its receptor ( Figure S4d -f, Supporting Information), the appearance of random secondary structure was much more abundant and sporadic. Bend and turn elements appeared and disappeared between residues 380-384 with very little to no observable consistency.
When comparing the average backbone rmsd between the replicates ( Figure S5a , Supporting Information), we found that the deviation in the p53 CTD fragment was slightly lower when it was in complex with the receptor, cyclin A. These data and the DSSP data together show that the bound form of the p53 CTD fragment was calculated to fluctuate less than the unbound form.
The dynamics of cyclin A appeared to change very little between the two states of the protein. The rmsd profile ( Figure  S5b , Supporting Information) shows an exceedingly slight increase in deviation between the bound and the unbound states. Similarly, a PC analysis did not reveal much change in the largescale correlated motions in the protein upon p53 CTD binding. There was some increased motion in the loop immediately N-terminus to the R1 helix, as well as in both of the protein termini when the p53 CTD was not bound ( Figure S6a , Supporting Information). Analysis of the greatest eigenvector in each system showed very little change in the actual p53 CTD binding site region ( Figure S6b, Supporting Information) . One possible explanation for this observation is that the p53 CTD fragment in question is only 9 amino acids in length, very small compared to the size of cyclin A (258 amino acids) and the size of the cyclin A-associated pCDK2 (297 amino acids) ( Figure S7 , Supporting Information). On this scale and in this time frame, it is difficult to measure any broad changes such as total backbone deviation.
Conveniently, we were able to measure local changes in the dynamics of the cyclin A receptor through a RMSF analysis ( Figure S5c, Supporting Information) . The RMSF analysis of cyclin A in both the p53 CTD-bound and the unbound states revealed two interesting features. First, a short stretch from residues 241 to 253 experienced a sharp increase in fluctuation upon p53 CTD binding. This stretch of residues gave shape to the core of the hydrophobic binding pocket and contains Leu 253, one of the cyclin A residues that interacted with the hydrophobic residues of the p53 CTD. Several other peaks in cyclin A that are also consistently high in RMSF across the replicates in which the p53 CTD fragment was bound are loops that surround the hydrophobic core (residues 194-207, 300-310, and 342-350). When the p53 CTD was not bound, the RMSF in cyclin A increased across residues 280-285, a loop that forms the outer ring of the binding pocket and encompasses Asp 283, a residue that is important in p53 CTD binding.
The p53 CTD binding site on cyclin A is characterized by a small hydrophobic binding pocket that averaged 2.20 ( 0.17 nm 2 of hydrophobic SASA over the last 50 ns of simulation ( Figure 6 ). Residues Leu 383 and Phe 385 of the p53 CTD tended to form contacts in this pocket (which includes residues Ile 213, Leu 214, and Leu 253 of cyclin A), comprising the bulk of the van der Waals contribution to the potential energy of interaction ( Figure S8 , Supporting Information). In addition to these hydrophobic contacts, Ser 378, Arg 379, His 380, and Lys 381 of the p53 CTD formed recurring contacts with Glu 220, Glu 224, and Asp 283 of cyclin A, comprising a very large electrostatic potential of interaction ( Figure S8 , Supporting Information). Two frequently modified lysine residues of the p53 CTD (Lys 382 and Lys 386) tended to stay oriented toward the solvent in our simulations. It is noteworthy that the binding site in cyclin A has an abundance of readily available hydrogen bond donors and acceptors. These residues satisfied hydrogen bonds in the p53 CTD backbone, stabilizing the disordered conformation that the peptide maintained. Further, the hydrophobic pocket was much smaller in cyclin A than it was in S100B( ), and thus, there was less opportunity for the p53 CTD peptide to form intrachain backbone-backbone hydrogen bonds and consequently no tendency to form an R-helix structure.
The most interesting behavior seen in this binding pocket was the fluctuation pattern as measured by the RMSF analysis. Hydrophobic residues within the binding pocket increased in fluctuation upon p53 CTD binding, and polar and acidic residues near the entrance to the pocket increased in fluctuation when the p53 CTD was not bound. An explanation for this behavior is that when the p53 CTD bound to cyclin A, the hydrophobic residues from the p53 CTD effectively cap the hydrophobic pocket, creating a solvent-free hydrophobic cavity that the cyclin A residues may explore conformationally. When the p53 CTD was not bound, however, residues 280-285 of cyclin A increased in fluctuation. This increase may serve a dual purpose. First, one of these residues, Asp 283, represents another example of
Overall, our data agree with interactions that have been previously described within the crystal structure of the complex. 30 Residues Leu 383 and Phe 385 of the p53 CTD are important residues for establishing hydrophobic contacts within the hydrophobic binding pocket, whereas Arg 379, His 380, and Lys 381 mediate important electrostatic interactions that occur between the p53 CTD and cyclin A.
1JSP. The DSSP profile of the p53 CTD taken from crystal structure 1JSP was very revealing ( Figure S9 , Supporting Information). In the three replicate simulations in which the p53 CTD was bound to the CBP bromodomain, we observed a moderate change in secondary structure content over the course of the MD simulations ( Figure S9a-c, Supporting Information) . The peptide fragment was typically characterized by turn or bend conformations along the middle of the chain. In the three replicate simulations of the p53 CTD fragment in the absence of the CBP bromodomain, drastic changes occurred ( Figure  S9d -f, Supporting Information). The first 10-20 ns of simulation progressed similarly to the receptor-bound replicates, but as the simulations passed the 20 ns mark, the N-and C-terminal ends of the p53 CTD fragment came together as -strands to form an antiparallel -sheet. This conformation was very stable and persisted for the rest of the simulation.
The rmsd analysis of the same p53 CTD fragment ( Figure  S10a , Supporting Information) showed that the average backbone deviation for the three replicates in which the peptide was not bound to the receptor was substantially higher than the same rmsd measurement for the three receptor-bound replicates. The secondary structure and rmsd analysis illustrated a considerable change in the structural features of the p53 CTD fragment in the absence of the CBP bromodomain.
The average backbone rmsd of the CBP bromodomain, however, actually increased in the presence of the p53 CTD ( Figure S10b , Supporting Information), which is the only case in all five systems in which this phenomenon was observed. The RMSF analysis showed that the ZA loop (residues 1115-1138) of the CBP bromodomain fluctuated more when the p53 CTD was not bound ( Figure S10c , Supporting Information). This loop contains several polar and acidic residues (including Asp 1124 and Asp 1127) that were oriented toward the solvent. Two loop regions increased in fluctuation once the p53 CTD was bound. These include the BC loop (residues 1170-1190) and a short strand-turn-strand structure that is just to the C-terminal side of the ZA loop (residues 1102-1112). Both of these loops flank the hydrophobic binding pocket ( Figure S11 , Supporting Information).
On a larger scale, a PC analysis showed that in the absence of the p53 CTD, the major eigenvector in the CBP bromodomain consisted of an opening and closing of the hydrophobic binding site between the ZA loop and the BC loop ( Figure S12b , Supporting Information). This motion described 58.4% of the total motion in the protein. When the p53 CTD was bound, however, the same motion was dampened and dropped to only 23.8% of the total motion in the protein. From Figure S12a , Supporting Information, it is evident that upon p53 CTD binding there was a marked increase in both correlated and anticorrelated motion in the CBP bromodomain, especially among the ZA loop, the BC loop, and both of the termini. This observation is in agreement with the marked increase in rmsd that was observed in the CBP bromodomain backbone upon p53 CTD binding.
This case presents another example in which polar or acidic residues near the hydrophobic binding site tend to fluctuate more in the absence of the p53 CTD. This increase in fluctuation in the ZA loop is likely to assist in forming initial electrostatic contacts with the target peptide as observed in the interaction of MDM2 and the p53 TAD. 76 Further, we again observed a case in which hydrophobic residues that shape the binding site increased in fluctuation upon p53 CTD binding. This likely happens because p53 CTD binding effectively caps the binding site such that hydrophobic residues within the site are no longer constrained to avoid water contact and are free to explore a new hydrophobe-friendly conformational space. The PC analysis further confirms this hypothesis because of the observed increase in motion in the hydrophobic binding site upon p53 CTD binding ( Figure S12 , Supporting Information).
This molecular system is different from the other four structures considered in this study in that the contact area between the p53 CTD fragment (residues 367-386) and the CBP bromodomain (residues 1081-1196) in the NMR structure is limited to only a few residues. Of the 20-mer p53 fragment, the N-terminal 14 residues (367-380) are pointing away from CBP and exposed to the solvent and the C-terminal six residues (381-386) are in close contact with CBP. However, during the simulations, these N-terminal residues of the p53 CTD fragment folded over and formed contacts with the surface of the CBP bromodomain in as quickly as 2 ns and within 11 ns across all of the replicates. Specifically, polar residues along the p53 CTD backbone (His 368, Ser 371, Lys 373, Gln 375) interacted with Asp 1124 and Asp 1127 of the CBP bromodomain, depending on how the p53 CTD peptide folded during the simulation ( Figure S13 , Supporting Information). This shift in the p53 CTD conformation may have induced slight conformational changes along the backbone of the receptor that would not occur in the absence of the peptide, accounting for the increase in rmsd.
Another key interaction between the p53 CTD and the CBP bromodomain is the location of the AcLys 382 residue. This modified amino acid consistently remained inserted into the hydrophobic cavity in the CBP bromodomain formed by Val 1115, Ile 1122, Tyr 1125, Tyr 1167, Val 1174, and Phe 1177. The two residues to the C-terminal side of the acetylated lysine (Leu 383 and Met 384) also contributed to the negative potential energy of interaction within this pocket, while Phe 385 and Lys 386 formed contacts with the hydrophobic portion of Arg 1112 ( Figure S13 , Supporting Information). These hydrophobic contacts remained consistent across all three replicate simulations, indicating that they are likely the major contributing factor in the formation of the p53 CTD-CBP bromodomain complex. We measured the hydrophobic SASA in the binding site to be 2.61 ( 0.19 nm 2 over the last 50 ns of simulation ( Figure 6 ). This area falls closer to that which supports helix formation rather than strand formation, which seems appropriate because the p53 CTD forms a turn structure when bound to the CBP bromodomain, one residue short of an R-helix.
1XQH. According to the DSSP analysis, when the p53 CTD was bound to the methyltransferase Set9, the only secondary structure detected was a bend centered at Ser 371 ( Figure  S14a-c, Supporting Information) . Ser 371 formed a bend in all three replicates. The secondary structure content of the same fragment consistently changed in the absence of Set9 ( Figure  S14d-f, Supporting Information) , forming sporadic turn and bend conformations across residues 370-374.
The average backbone rmsd of the same p53 CTD fragment was slightly higher when it was unbound compared to when it was bound early in the simulation, although they are comparable for the last 50 ns ( Figure S15a, Supporting Information) . These data, along with the DSSP analysis, demonstrate that the fluctuation in the p53 CTD fragment was lower when it was bound to the receptor Set9.
The average rmsd of the Set9 backbone was dependent on whether the p53 CTD fragment was bound ( Figure S15b , Supporting Information). In the uncomplexed form, the average backbone deviation was slightly higher than in the bound form. A RMSF analysis identified three interesting regions within Set9 ( Figure S15c, Supporting Information) . When the p53 CTD was not bound, residues 252-266, a stretch that includes Asp 256 and Thr 266 (residues important in p53 CTD binding), increased in fluctuation. When the p53 CTD was bound, however, two different loops increased in fluctuation. These included residues 217-227 of the Set domain and 278-288 of the Set-I domain, both of which help the formation of the hydrophobic binding pocket in which the methylated Lys 372 of the p53 CTD was inserted ( Figure S16 , Supporting Information).
The PC analysis shows a very drastic difference in the dynamics of Set9 between the bound and unbound forms. When the p53 CTD was unbound, a single vector described 72.0% of the total motion in Set9. That vector corresponded to an opening and closing of the p53 CTD binding site region, or the area between the Set domain and the Set-I domain, through the major shift of the C-terminal segment ( Figure S17b , Supporting Information). When the p53 CTD was bound, the same motion remained the largest PC but dropped to only a 38.3% contribution to overall motion in the protein. The major eigenvector revealed a much smaller shift of the C-terminal segment between the Set and Set-I domains (Figure 17b , Supporting Information). Figure S17a , Supporting Information, supports these observations, as it shows a general increase in motion in Set9 when it was not bound to the p53 CTD. Much of this motion could be described by fluctuations in the N-and C-terminus flanking domains, which settled upon p53 CTD binding.
Again, we observed hydrophilic and acidic residues (Asp 256 and Thr 266) with an increased fluctuation near the entrance to the hydrophobic binding site in the absence of the p53 CTD. The PC analysis also described an increased motion in these residues in the absence of the p53 CTD, indicating a propensity to form initial electrostatic contacts with its target, facilitating binding. Further, upon binding of the p53 CTD to Set9, we observed increased fluctuation in loops that form both the hydrophobic binding pocket and the cofactor (AdoHcy) binding site. Presumably, residues from the p53 CTD complete the shape of the pocket upon binding in a way that allows hydrophobic residues within the pocket to explore more conformational space (as previously described) and, in addition, promote methylation via induced catalysis. 79, 80 Chuikov et al. 19 solved the crystal structure of a p53 CTD fragment in complex with methyltransferase Set9. Originally, a 10-mer fragment of the CTD was used in the experiment (residues 369-378), but only the first six residues were well resolved (residues 369-374). Residue Lys 372 of the p53 CTD is methylated, a PTM that regulates p53 by restricting it to the nucleus. 19 In our simulations, we found that the MeLys 372 packed against Trp 260 of Set9, as it laid in a channel partly formed by the hydrophobic residues Val 255, Leu 267, and Val 158, with a hydrophobic SASA of roughly 1.60 ( 0.16 nm 2 ( Figure 6 ). It also formed transient hydrogen bonds with Asn 265, Tyr 335, and Tyr 337, adding a substantial electrostatic potential energy contribution to the interaction ( Figure S18 , Supporting Information). Chuikov et al. proposed that this methylated lysine residue packs hydrophobically against Trp 260, but also they proposed that it forms hydrogen bonds with Arg 258 of Set9, for which we found no evidence in any of our three replicates.
In addition to the interactions of the methylated Lys 372, we found that residues Asp 256, Thr 266, and Ser 268 of Set9 formed stabilizing hydrogen bonds with several backbone atoms of the p53 CTD fragment, as well as with Ser 371 and Lys 373 of the p53 CTD. Chuikov et al. 19 suggested Arg 258 of Set9 as an important residue in p53 CTD binding, but we found that this residue tended to orient itself toward the solvent, away from the p53 CTD in all three replicates.
Conclusions
We studied the dynamics and interactions of five known p53 CTD-binding partner complexes by MD simulations. We looked for trends in the interactions and conformational dynamics that could be generalized and used to predict new binding partners for the p53 CTD or locate binding sites on already known partners for which there is no structural information related to protein-protein interactions.
We observed several important trends in the binding partners. Most importantly, the core of each p53 CTD binding site on the partners is a hydrophobic binding pocket that is variable in size. Further, these hydrophobic pockets typically increased in fluctuation upon binding of the p53 CTD. We propose that the binding event completes a cavity from which water is excluded, thereby allowing hydrophobic residues in the receptor to explore more conformational space. In addition, binding sites are typically surrounded by polar and acidic residues, which fluctuate more when the p53 CTD is not bound. This increased fluctuation suggests that the receptors facilitate p53 CTD binding by forming initial electrostatic contacts with the target peptide, as shown previously for the p53 TAD. 76 The complex, however, tends to rely heavily on van der Waals type contacts, especially within the hydrophobic cavity, for stabilization. Finally, in the case of receptors that also had a cofactor-binding site, we typically observed an increase in fluctuation at those sites upon p53 CTD binding. This is likely a mechanism to induce catalysis 79, 80 or bind the peptide more tightly by entropic stabilization. 78 We also propose a correlation between the size of the hydrophobic binding site and the secondary structure that the p53 CTD adopts upon binding. The p53 CTD has been observed to be an R-helix, a turn, a -strand, or unstructured when in complex with a binding partner. We believe that the larger the hydrophobic area on the receptor, the p53 CTD will have a greater tendency to form a helix. This is due to the lack of hydrogen bond donors in the hydrophobic area. The backbone of the p53 CTD will have unsatisfied hydrogen bonds, thus favoring a helix conformation, which forms intrachain backbone-backbone hydrogen bonds. If the receptor has a very small hydrophobic area, we anticipate that the p53 CTD will favor a -strand structure. The availability of hydrogen bond acceptors will be able to satisfy p53 backbone hydrogen bond donors. Receptors with medium-sized hydrophobic patches will induce unstructured or random coil structures on the p53 CTD backbone.
Overall, this information could be useful in designing inhibitors for p53 CTD-binding partner interactions. We would suggest exploiting the mechanism of binding facilitation of the polar and acidic amino acids near the binding site while keeping in mind with careful consideration the size of the hydrophobic patch and its implication on the structure of the inhibitor. Further, this report will be useful to those trying to determine new binding sites for the p53 CTD among novel partners.
